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I. INTRODUCTION
The concept of charged defect states 1 in undoped hydrogenated amorphous silicon thin films has recently been a large scientific interest. It was first proposed by Adler that a large amount of charged silicon dangling bonds with negative correlation energy existed in undoped a-Si:H films. However, early light induced electron-spin-resonance ͑LESR͒ measurements claimed that the electron and hole absorption lines in undoped a-Si:H were roughly equal. 2 Then, it was concluded that an insignificant fraction of dangling bonds is charged. The initial results of photothermal deflection spectroscopy ͑PDS͒ and electron-spin-resonance ͑ESR͒ measurements showed one-to-one correlation between density of neutral Si dangling bonds and changes in the subband-gap absorption. 3 Later, this was supported by ''the bond-breaking model'' that primary defects in a-Si:H films are the neutral silicon dangling bonds and their light induced kinetics were characterized mainly by ''the t 1/3 rule.'' 4 Furthermore, ''the impurity model,'' which uses the stretched exponentials to describe the kinetics of light induced defect creation, 5 was also based only on the neutral Si dangling bonds with positive correlation energy rather than charged defect states. However, a number of experimental results indicated that the charged defect states are present in undoped a-Si:H films. [6] [7] [8] [9] [10] [11] In 1988, the results of ESR and LESR by Shimizu et al. showed that a large fraction of defect states is charged states. 6 Similarly, a more careful study of ESR and LESR experiments using band-gap and below band-gap light was carried out on thick ͑8 and 15 m͒ a-Si:H films. 7 The authors showed that the ratio of electron ͑narrow͒ to hole ͑broad͒ absorption line increases with below band-gap light. It was concluded that these increases were due to excitations from the higher density of the D Ϫ states lying close to valence-band edge. These states were interpreted as surface states instead of bulk defect states. Furthermore, in 1993 a detailed comparison of absorption data and spin density using ESR and LESR experiments showed that there are systematic deviations from the proportionality between the electron and hole absorption lines when high-and low-intensity light are used both in the annealed and light soaked state of a-Si:H films. 11 These results were explained by the presence of a band of positively charged defects D ϩ in the region of 0.4-0.7 eV below the conduction band edge. In addition, different ratios of charged to neutral defect densities ͓R ϭ (N D ϩ ϩ N D Ϫ) /N D 0͔ for different films were also reported. Recently, we have also reported self-consistent analysis of the experimental results using steady-state photoconductivity and subband-gap absorption on intrinsic a-Si:H films ͑E F ϳ0.90 eV from the conduction band͒ both in the annealed and light soaked states. 12, 13 We showed that only the distribution of charged defect states can self-consistently ex-plain the results of steady-state photoconductivity and subband-gap absorption spectra both in the annealed and light soaked states.
In this article, we extended our study to a variety of intrinsic and nonintrinsic ͑undoped͒ a-Si:H films. Their annealed and light soaked states were characterized experimentally in greater detail using steady-state photoconductivity, subband-gap absorption, steady-state photocarrier grating ͑SSPG͒, and ESR techniques. The experimental results of subband-gap absorption and steady-state photoconductivity were analyzed using the subband-gap absorption model ͑SAM͒ 14 based on the Simmons-Taylor statistics. 15 The results extracted from the numerical analysis were compared directly with those measured by SSPG and ESR carried out on the same a-Si:H films.
II. EXPERIMENTAL DETAILS
Steady-state photoconductivity, subband-gap absorption, and hole diffusion length measurements were carried out on around 1-m-thick, intrinsic ͑E F у0.90 eV͒ and nonintrinsic ͑undoped͒ ͑E F ϭ0.68-0.89 eV͒ aSi:H films deposited on 7059 glass substrate. Optical absorption in the visible region of the spectrum was obtained from transmission T and reflection R measurements and was used to normalize subband-gap photoconductivities. The optical gaps were derived from the Tauc relation. 16 The ESR measurements were carried out on films codeposited onto quartz substrates. The annealed state was obtained by heating the samples at 200°C for 12 h in N 2 ambient and stabilized light soaked state was obtained by illuminating through both sides of the samples for more than 100 h with 1 W/cm 2 white light from an ELH light source filtered with both an IR reflector and IR absorber. Light soaking temperature was maintained below 30°C for low-intensity soaking and around 40°C for highintensity soaking by air cooling through both sides of samples. For the study of kinetics of light induced degradation, light soakings were carried out using a single step soaking procedure in which the samples were light soaked for a certain period of time, measurements were performed, and then the samples were reannealed. This procedure was continued until degradation approached a steady state. Steadystate photoconductivities were measured in the ohmic regime with generation rates from Gϭ10 15 , were also carried out in the ohmic regimes of photocurrents. In addition, minority carrier ͑hole͒ diffusion length measurements were performed using SSPG technique in National Renewable Energy Laboratory on the same samples under volume absorbed generation rates of around 10 20 cm Ϫ3 s Ϫ1 both in the annealed and stabilized light soaked states.
III. RESULTS AND ANALYSIS

A. Annealed state
A variety of undoped ͑nonintrinsic͒ a-Si:H films deposited at different substrate temperatures T s was studied in great detail. The films have atomic hydrogen contents from 20 to 8 at. %, which results in a shift at the optical absorption edge as seen from Fig. 1 , and the Fermi levels of 0.90 to 0.70 eV from the electron mobility edge. Examples of steady-state photoconductivities ͑in the inset͒ and subband-gap absorption results of two nonintrinsic a-Si:H films deposited at 200 and 280°C are shown as symbols in Fig. 1 . The results on these films are also summarized in Table I 14, 17 The higher values of ␣(h) and ⌬␣ ͑at 1.0 eV͒ lead to the presence of a higher density of midgap states, which results in shorter electron lifetimes and lower electron products due to an increase in the density of recombination centers. However, experimental results of electron products of nonintrinsic a-Si:H films increase as subband-gap absorption increases. These increases in the electron products cannot be due to the increases in the free carrier mobilities, because the photomixing experiments carried out on the same set of films indicate that the free carrier mobilities are nearly the same. 20 Therefore, these results discussed above indicate that it is impossible to explain the changes in ␣(h), ⌬␣ ͑at 1.0 eV͒, and electron products by considering only the neutral Si dangling bonds, the D 0 states, as a main defect in the band gap. There must be more than one type of defect states located in the band gap of a-Si:H. To identify these defect states, detailed numerical analysis of the steady-state photoconductivity and subband-gap absorption spectra as a function of generation rate is necessary.
We have previously reported that two Gaussian distributions of midgap states 4 with positive correlation energy can explain neither the results of nonintrinsic a-Si:H films in the annealed state 21 nor the light soaked state characteristics of intrinsic films. 22 Later, it was shown by us that only the distribution of charged defect states can explain the changes in steady-state photoconductivity and subband-gap absorption spectra self-consistently both in the annealed and light soaked states in intrinsic a-Si:H films. 12, 13 In this study, the same distribution of charged defect states as described previously, which is shown in Fig. 2 , and the SAM 14 are used to analyze the experimental results of nonintrinsic a-Si:H films.
In the analysis, extended state parameters, free carrier mobilities, free carrier capture cross sections for exponential tail states, and neutral and charged midgap defect states were maintained to be the same as those used in the analysis of intrinsic a-Si:H films. 12, 13 For each sample, the experimental values of the optical gap, the Fermi level position, and the characteristic energy of valence band tails E ov were taken into account as key inputs and 21 meV as the characteristic energy of conduction band tail states was used for all nonintrinsic a-Si: H films. 23 Mobility gap or recombination gap was assumed to be 0.1 eV larger than the optical gap. The half-widths of the Gaussian distributions were similar to those used in intrinsic films and the values were between 0.09 and 0.12 eV. No a priori assumptions were made for the densities and exact energy location of neutral and charged defect states. They were derived from the selfconsistent fits to steady-state photoconductivity and the subband-gap absorption spectra.
The best fits to the steady-state photoconductivity ͑in the inset͒ and subband-gap absorption spectra are also shown in Fig. 1 for a wide range of generation rates for the same nonintrinsic a-Si:H films. ͑A summary of the derived parameters for the neutral and charged defect states is shown in Table III for nonintrinsic films and an intrinsic a-Si:H film for a comparison.͒ It is important to note that the density of the neutral defect states is the same in different films but the densities of the charged defect states increase from 9ϫ10 15 to 6ϫ10 16 cm Ϫ3 as the substrate temperature increases from 200 to 280°C. The derived densities of both the charged and neutral defects are higher than those derived for intrinsic films. 13 The ratio of charged to neutral defect states R is also higher than that in intrinsic films 13 and systematically increases from 2.25 to 15 as T s increases from 200 to 280°C. The energy position of neutral defect states is around 0.80 eV from the valence-band edge, which is similar to that obtained from the analysis of intrinsic films. In addition to the steady-state photoconductivity and subband-gap absorption measurements, the hole diffusion length L Dp was measured on the same nonintrinsic a-Si:H films at the same state using the SSPG technique. 24 In the analyses of ph and ␣(h) only the contributions of free electrons have to be considered even though free and trapped hole concentrations at different generation rates are derived after solving the charge neutrality and recombination rate equations. 15 This allows both free carrier lifetimes n and p to be calculated for a given generation rate. Thus, assuming a free hole mobility ͑in this case p ϭ0.2 cm 2 /V s for all films͒, the hole p p product can be utilized to calculate the hole diffusion lengths using the relation L Dp ϭ(2 p p kT/e) 0.5 . 24 ͑The L Dp values obtained from the best fit parameters of photoconductivities are shown in Table III .͒ The excellent agreement between the calculated values of L Dp and the experimental results for these films in the annealed state is strong confirmation of the reliability, the charged defect state distribution used, and the gap state parameters derived in the annealed state.
B. Stabilized light soaked state
It is well known that the Staebler-Wronski effect is an intrinsic property of hydrogenated amorphous silicon based materials. 25 According to this effect, when a-Si:H films are exposed to light illumination, dark and photoconductivity decrease, 25 the density of ESR active states increases, 26 and correspondingly the subband-gap absorption increases. 3 The degradation depends upon soaking time, soaking temperature, and intensity of light. 25, 27 Therefore, in order to compare various nonintrinsic ͑undoped͒ a-Si:H films with different annealed state characteristics, we light soaked them under 1 W/cm 2 uniform white light at low temperatures ͑ϳ40°C͒ until the stabilized state was reached, where both the subband-gap absorption and steady-state photoconductivity remained unchanged. The experimental results of ␣(h) and ph as a function of generation rate are shown in Figs. 3 and 4 for the films deposited at 200 and 280°C, respectively, both in the annealed and stabilized light soaked states. The experimental results in the stabilized light soaked state are also summarized in Table II for nonintrinsic films and an intrinsic film for a comparison. According to this table, dark conductivity decreased by a factor of 10 for the 200°C film, by two orders of magnitude for the 240°C film, and by almost three orders of magnitude for the 280°C film. This decrease in dark conductivity is attributed to a shift in the Fermi level position through the midgap. 25, 28 The depen- 10 for 240°C, and 4.2 for 280°C films. This indicates that there is no one-to-one direct correlation between the degradation of photoconductivity and increase of subband-gap absorption, which has been a generally accepted method to study the light induced degradation in the literature. 4, 5 Even though there is a distinct increase in ␣(h) in subband-gap region ͑between 0.8 and 1.5 eV͒, the characteristic energy of the valence band tails E ov did not show any significant change after light soaking.
In addition to the increase in ␣͑1.2 eV͒, there is also an increase in the dependence of ␣(h) on generation rate in the stabilized soaked state. It is reflected in the values of ⌬␣ ͑at 1.0 eV͒, where it increased to the value close to 1.0 cm Ϫ1 for all nonintrinsic films even though it showed large variations in the annealed state. This was also observed in intrinsic films. Since ␣(h) measured with higher-intensity DBP is due to the transitions from the electron occupied states below as well as above midgap, it is an indication that the densities of midgap states below and above the Fermi level increased after light soaking.
Although, the shape of ␣(h) measured with low generation rate DBP remains unchanged after light soaking, there is a significant change in the shape of ␣(h) measured with high generation rate DBP. As seen in Fig. 4 , the change in the shape of ␣(h) was clearly observed for the 280°C film which had a higher density of charged defect states and the R ratio in the annealed state. The change in the shape of ␣(h) is obvious evidence that there is a distinct difference between the energy distributions of native and light induced midgap states in nonintrinsic a-Si:H films. This behavior was not distinguishable in intrinsic films.
Using the values of ␣͑1.2 eV͒ measured with low generation rate DBP, the densities of states ͑DOS͒ below midgap can be calculated using the ␣͑1.2 eV͒ϫ3ϫ10 16 relation. 12 The values calculated from this relation are also summarized in Table II 12 This good agreement was also observed for intrinsic a-Si:H film in the stabilized soaked state. Therefore, the ␣(h) measured with CPM or low generation rate DBP can be used to estimate the density of neutral Si dangling bonds in the stabilized soaked state for both intrinsic and nonintrinsic a-Si:H films. However, the defect states other than the neutral Si dangling bonds, the D 0 , which cause a large degradation of the electron products have to be identified to understand the Staebler-Wronski effect 25 in these nonintrinsic a-Si:H films.
In the analysis of the stabilized light soaked state data, the band-edge and gap states parameters, free carrier capture cross sections, free carrier mobilities, and recombination gap were maintained to be the same as those used in the analysis of the annealed state results. Because of a large decreases in the dark conductivity, a shift in the Fermi level position toward midgap was taken into account. In the modeling of the results of three nonintrinsic films, a downward shift of 70 meV for 280°C, 20 meV for 240°C and 10 meV for 200°C film were made. The charge neutrality in the dark is mainly determined by the densities of the D ϩ and the D Ϫ states. The best fits to the results of ph and ␣(h) in the stabilized soaked state are shown as solid lines in Figs. 3 and 4 for nonintrinsic a-Si:H films at 200 and 280°C, respectively. The parameters derived for the annealed and stabilized soaked states are also summarized in Table III . For these nonintrinsic films, the densities of both the neutral and charged defect states increase, however, neutral defect states D 0 increase faster. The densities of the D 0 states N D 0 are slightly higher than those in intrinsic films. The R ratio decreases drastically from its annealed state value, where it becomes similar to that in the intrinsic films. It ranges between 1.5 and 1.8, as compared to the values having a range from 2.25 to 15 in the annealed state. These values of R ratio give rise to similar dependence of ␣(h) on generation rate, which is around 1.0 cm Ϫ1 for both the intrinsic and nonin- 
C. Kinetics of Staebler-Wronski effect
It was shown that both neutral and charged defect states are created during the light soaking. Since the films studied here have different R ratios in the annealed state and since they exhibit similar characteristics at the stabilized soaked state, it is important to study the kinetics of light induced defect creation and their effects on ␣(h) and ph . The effect of light intensity on degradation was investigated on an intrinsic film whose characteristics are given in Tables I and  II . The results of ␣͑1.2 eV͒ measured with low generation rate DBP are shown in Fig. 5͑a͒ as a function of time for three different illumination intensities, the first of which was obtained using 100 mW/cm 2 white light from an ELH tungsten-halogen lamp, and the second one was under 1 W/cm 2 white light ͑approximately 10 suns͒ from ELH tungsten-halogen lamp, and the last one was under 1W/cm 2 ELH white light illumination after which a red filter was inserted to cut out Ͻ610 nm, which would ensure uniform absorption of illumination. In Fig. 5͑b͒ the corresponding changes in ph are shown for the above illuminations. Light soaking with 100 mW/cm 2 white light was made through the film up to 1000 h and was continued through the opposite side for an additional 700 h. Steady states ͑stabilized soaked state͒ of photoconductivity and ␣͑1.2 eV͒ were obtained after 1000 h. The changes in ␣͑1.2 eV͒ increased according to t 0.24 and the ph degradation followed t Ϫ0.26 dependence. To see the effect of uniform light soaking, a red filter ͑RG-610͒ after 10 suns of white light were used for accelerated degradation. In this case, the stabilized soaked state was obtained after 300 h with soaking through one side of sample only. Both ␣͑1.2 eV͒ and ph reached different stabilized state values from that of 100 mW/cm 2 white light soaking and followed almost the same dependencies on time. Further ac- 2 celerated light soaking was carried out with a higher intensity ͑10 suns͒ of ELH white light source. The light soaking was carried out through one side of the sample. Even though the steady state was reached after 60 h of soaking ͑even sooner than red light soaking͒, the values of ␣͑1.2 eV͒ and ph were the same as red light soaking having the same time dependencies. Furthermore, high-intensity ELH white light degradation was also studied on other intrinsic a-Si:H films. 18 They all exhibited similar degradation kinetics for ph and ␣͑1.2 eV͒ with the similar time dependencies given above.
In addition to the above experiments, we investigated the accelerated degradation using a high-intensity xenon white light source of 3 W/cm 2 ͑data not shown͒. It was found that it was not possible to reach the stabilized soaked state with illumination through one side of the sample. Subsequent illumination through the opposite side of the sample decreased ph more and correspondingly increased ␣͑1.2 eV͒. The stabilized state values of ␣͑1.2 eV͒ and ph were the same as those for high-intensity white and red light soakings. Because of the nonuniform generation of defects with xenon light source, care has to be taken when studying degradation with xenon white light source on both films and solar cell structures.
The rates of light induced degradation on several nonintrinsic ͑undoped͒ a-Si:H films were investigated using 1 W/cm 2 . The film deposited at 220°C exhibits almost the same time dependence as intrinsic films. Then, as T s increased, the time dependence of ␣͑1.2 eV͒ decreased. However, corresponding photoconductivity changes in Fig. 6͑b͒ show much faster degradation for higher T s film and slower degradation for low T s films. These results clearly show that there is no unique rate for defect creation in a-Si:H films as implied by the bond breaking model. 4 According to this model, the ph is inversely proportional to ␣(h) or to the density of midgap states N DOS ͓ ph ϰ1/␣(h) or 1/N DOS ͔. The ph measured at low generation rates can be correlated with the subband-gap absorption measured by CPM or low generation rate DBP because at lower generation rates the splitting of quasi-Fermi levels is small and only the small fraction of midgap states above the Fermi level is involved in the recombination kinetics. Using the results in Figs. 6͑a͒ and 6͑b͒ we replotted the changes in ph measured at low generation rates versus corresponding changes in 1/␣͑1.2 eV͒. This is shown in Fig. 7 Using the above results it can be concluded that red light and ELH white light illumination provide uniform creation of defects on films with thicknesses of around 1 m. The kinetics of light induced degradation is similar for intrinsic films. It was obtained from the analysis that the R ratios are low for these films in the annealed state and did not show a drastic decrease in the stabilized soaked state. This means that both the neutral and charged defect states are created with almost the same rate in intrinsic films. However, nonintrinsic films exhibit wide range of degradation kinetics with different time dependencies. This is because of the differences both in the densities of the neutral and charged defect states and in the R ratios for the annealed state. The R ratio decreases for all films in the stabilized soaked state to a value between 1.5 and 1.8, and this implies that during the light soaking the neutral and charged defect states are created with different rates for different sample.
IV. DISCUSSION
It was shown here that the distribution of the charged defect states can be used for self-consistent analysis of the results of the steady-state photoconductivity and subbandgap absorption for a wide range of generation rates in nonintrinsic a-Si:H films both in the annealed and stabilized soaked states. The differences in the ratios of the charged to neutral defect density and the densities of the charged defect states in the different materials can explain different results in the annealed and light soaked states.
In the annealed state, the R ratio in nonintrinsic ͑un-doped͒ films changes from 2.25 to 15, which is much higher than the values obtained for intrinsic a-Si:H films. 13 The higher values of the R ratio obtained on these films are consistent with the results obtained from the LESR [6] [7] [8] [9] [10] [11] and electron spin echo-envelope modulation ͑ESEEM͒ 30,31 experiments. When the R ratio increases, there is larger contribution to the subband-gap absorption from the charged defect states which results in higher ␣(h), even at low generation rates, as well as higher ⌬␣͑1.0 eV͒. In intrinsic films, ⌬␣͑1.0 eV͒ is low, which changes from 0.06 to 0.1 cm
Ϫ1
; however, it is much higher in the nonintrinsic films where in the annealed state ⌬␣͑1.0 eV͒ increases from 0.1 to 0.90 cm
. In the case of higher R values, the ␣(h) measured with low generation rate DBP or using CPM is dominated by the neutral and charged defect states. Therefore, ␣͑1.2 eV͒ can no longer be directly related to the densities of the neutral defect states located below the Fermi level. As seen from Table III, in the intrinsic films, the densities of the D 0 states derived from the analysis were very close to those obtained from the ␣͑1.2 eV͒ϫ3ϫ10 16 relation. On the other hand, this relation overestimates the densities of neutral defect states in nonintrinsic films.
Furthermore, the higher R ratios have a drastic effect on the free electron lifetimes obtained from the steady-state photoconductivity measurements. Because the negatively charged acceptor-like states below the Fermi level have a very small capture cross sections for electrons, they act as sensitizing states as proposed by Rose. 32 Under light illumination, they are the only recombination centers that are empty because the donor-like states above the E F are mostly filled with electrons due to their higher capture cross sections. This results in higher electron lifetimes and photoconductivity. As R increases so does the sensitization and, hence, photoconductivity. This is the only physical reason to explain the higher photoconductivities measured on defective undoped a-Si:H films.
Because of the large differences in the densities of charged defects, intrinsic and nonintrinsic films exhibit completely different degradation kinetics. Photoconductivities degrade according to a time dependence given by t Ϫx , where x is 0.26 for intrinsic films and changes from 0.30 to 0.53 in nonintrinsic films studied here. Correspondingly, ␣͑1.2 eV͒ increases according to time dependence t y , where y is 0.24 for intrinsic films and changes from 0.24 to 0.12 in nonintrinsic films. The results here clearly show that there is no unique relation for the kinetics of the Staebler-Wronski effect in a-Si:H films such as the t 1/3 rule ͑ ph ϰGt 1/3 or N DOS ϰGt 1/3 , where G is constant generation rate͒, which was based on two Gaussian distributions of the D Ϫ ,D 0 states with positive correlation energy. 4 Therefore, there is no direct correlation between the degradation of ph and the corresponding increase of subband-gap absorption.
In the stabilized soaked state, the R ratio decreased drastically for all nonintrinsic a-Si:H films and very slightly for intrinsic films. It reached to values close to 1.0. of the neutral defect states created is higher than those of the positively and negatively charged defect states. Thus, the subband-gap absorption measured at low generation rate DBP or using CPM is mainly dominated by the density of the neutral defect states. In contrast with the case in the annealed state, there are good agreements between the densities of neutral defects derived and those obtained from ␣͑1.2 eV͒ϫ3ϫ10 16 relation. Furthermore, density of the neutral defect states obtained from the analysis are very close to those directly measured by ESR for both intrinsic and nonintrinsic a-Si:H films.
In addition to the results discussed above, which depend on the majority carrier properties, we have also measured minority carrier, hole, diffusion lengths using the SSPG technique on the same nonintrinsic a-Si:H films in the same annealed and stabilized soaked states. Excellent agreement was found between the experimental diffusion lengths and those derived from the best fit results of numerical analysis. Therefore, using SSPG technique and the results of numerical analysis of photoconductivity and subband-gap absorption on thin films, important information about the minority carrier hole mobility can be obtained. This will be an extremely important parameter for the modeling of solar cell device characteristics where both minority and majority carriers play a role.
Since the R ratio is different for different films in the annealed state and decreases to almost the same value in the stabilized soaked state, this brings about different rates for the creation of neutral defects and charged defects for different films so that steady-state photoconductivity and subbandgap absorption follow different time dependencies for different films. This is clearly seen in Fig. 6 for the measurements carried out in different nonintrinsic a-Si:H films; however, intrinsic films showed almost the same degradation kinetics since they all had similar R ratios in the annealed state. In the case of nonintrinsic films, the ␣(h) measured with low generation rate DBP or CPM during the intermediate light soaking periods will still be under the influence of both the neutral and the charged defect states. Therefore, it will be inappropriate to characterize the kinetics of light induced defect creation using the ''the stretched exponentials model'' or so-called ''impurity model'' 5 since this model assumes only the neutral defect states as the main defect created during the light soaking and characterizes them using CPM spectrum.
It is also interesting to note that an increase in the characteristic energy of the conduction band tail states was inferred from the modeling of the stabilized state in both intrinsic and nonintrinsic a-Si:H films even though no significant change was detected for E ov . At this time the reason for this phenomenon is not known although the similar changes have been reported by Takada and Fritzche   33 based on their results of drift mobilities. They explained the decrease in drift mobility upon the light degradation of n-type a-Si:H films by an increase in the density of the conduction-band-tail states within 0.35 eV below the electron mobility edge or by decrease of microscopic mobility. More recently, Han et al. have studied the transient photocharge measurements on annealed and light soaked undoped a-Si:H films. 34 They found that the coalescence of transients in early time regime is less perfect in the light soaked state due to an increase in recombination rate. Then they speculated that there is a light induced change in the conduction band tail regime.
The evidences for the charged defect states in the bulk of a-Si:H films and their effects on different measurements was extensively discussed by Branz and Silver 29 and later by Powell and Dean; 35 however, for the significance of the results derived here, we revisit some of those experimental results in the literature. As mentioned earlier, the first LESR results on a-Si:H indicated roughly equal electron and hole absorption lines and it was a conclusion that an insignificant fraction of dangling bonds is charged in undoped a-Si:H. 2 Later, Ristein and co-workers 7 and Hautala and co-workers 9 carried out a more careful study of ESR and LESR using band-gap and below band-gap light on thick ͑8 and 15 m͒ a-Si:H films. They found that LESR with band-gap light gives equal electron-to-hole absorption lines; however, LESR with IR light increased the ratio of the narrow line ͑electron line͒ to the broad absorption line ͑hole line͒. This disproportionality was attributed to excitations of electrons from the D Ϫ states located close to the valence-band edge to the conduction-band-tail states. They concluded that the densities of the D Ϫ states were higher than the density of the D 0
states measured with ESR in the dark. Unfortunately, they were able to explain these results using the two Gaussian distributions of bulk defect states, and since that was not possible, they attributed the observed phenomena to the high densities of surface/interface states even in 15-m-thick films. In addition, similar LESR results were reported by Shimizu et al. that a large fraction of defects states in undoped a-Si:H is charged defect states. 6 They speculated that these charged defect states are due to nitrogen impurities in a-Si:H films. Later, these results were reinterpreted by Branz 36 as the bulk charged defect-states in a-Si:H. More recently, detailed comparisons of absorption data and spin density using LESR experiments have shown that there are systematic deviations from the proportionality between electron and hole absorption lines. 11 It was found that LESR measurements carried out at high intensities result in proportional electron and hole absorption lines. However, lowintensity LESR experiment shows a disproportionality, where the hole spin density is much higher than total electron density. The explanation of the low-intensity LESR results required the presence of a broad band of positively charged defects, the D ϩ , in the region of 0.4 0.70 eV below the conduction-band edge. To maintain the charge neutrality in the dark, these positively charged states must be balanced by negatively charged states below the Fermi level. Such D Ϫ states were also detected in an IR-LESR experiment by Ristein and co-workers. 7, 9 In addition, Schumm and coworkers also quantified the ratio of charged to neutral defect density, R, both in the annealed and light soaked states. They reported that the values of R ratio change from 5 to 10 in the annealed films which then decreased to around 1.0 in the light soaked state. These fundamental evidences on the charged defect states in the gap of undoped a-Si:H films are consistent with our results derived from the analysis of photoconductivity and subband-gap absorption.
The supporting experimental results just discussed and the self-consistent analysis of the photoconductivities and subband-gap absorption spectra over a wide range of generation rates in various a-Si:H films are strong evidences for the distribution of neutral and charged defects in a-Si:H materials. 35 considered a defect pool model, ''the improved defect pool model,'' with wide pool and two Si-H bonds mediating the weak Si-Si bond breaking reaction. The energy spectra and the densities of charged and neutral defect states were calculated using inputs from their experiments on thin-film transistors and a ratio of charged to neutral defect density of 4 was obtained for material with E F ϭ0.85 eV from the conduction-band edge. The energy positions for charged and neutral defect states they derived are very close to those obtained from our analysis, especially the total densities of states (D ϩ ϩD Ϫ ϩD 0 ) obtained for the film deposited at T s ϭ240°C with a similar Fermi level position is the same as their results. Although this model was used to predict the nature, densities, and energy spectra of many observations in the annealed state, no results on light soaked materials have been reported. However, recently Schumm and co-workers 11 explained their LESR and subband-gap absorption results using their defect pool model. They found that during light soaking the densities of both neutral and charged defect states increase with the D 0 states increasing more quickly. The R ratio decreases from about 5 to 10 in the annealed state to around 1.0 in the light soaked state.
V. CONCLUSIONS
It was found that only the distribution of the charged defect states can be successfully applied to the detailed analysis of the steady-state photoconductivity and subbandgap absorption results of nonintrinsic ͑undoped͒ a-Si:H thin films over a wide range of generation rates both in the annealed and stabilized light soaked states. This distribution includes exponential valence and conduction band tail states, a band of positively charged defect states located above the Fermi level, and two bands of the neutral and negatively charged defect states located below the Fermi level.
In the annealed state, the energy location of the neutral defect states is around 0.80 eV from the valence band mobility edge, which is similar to those obtained in intrinsic a-Si:H films; however, charged defect states are located at slightly higher energies in nonintrinsic a-Si:H films. Even though the densities of the neutral defect states do not change significantly, those of positively and negatively charged defect states and the R ratio are drastically different for different films. These results derived for the densities and the R ratio are consistent with those determined from the ESR and LESR measurements. 11 Because of the higher densities of the charged defect states dominating in the annealed state, the subband-gap absorption spectrum measured by CPM or low generation rate DBP can no longer be correlated directly with the densities of neutral Si dangling bonds.
In the stabilized light soaked state, almost the same gap state distributions and parameters as in the annealed state have been used in the analysis. It was found that both the neutral and charged defect states are created by light. The R ratio decreases drastically to a value close to 1, which is similar to those of intrinsic a-Si:H films. Because of that, in each film the neutral and charged defect states are created with different rates so that photoconductivity and subbandgap absorption follow different degradation kinetics. Thus there is no unique degradation kinetics for a-Si:H. The densities of the neutral defect states derived from the analysis were directly correlated with those measured by ESR and excellent agreement was obtained. In addition to these results, minority carrier hole diffusion lengths measured by the SSPG technique on the same films were correlated with those calculated using the hole products derived from the best fits of modeling. Very good agreements were obtained for different films both in the annealed and stabilized light soaked states. This suggests that the SSPG technique and detailed numerical analysis of photoconductivity and subband-gap absorption spectra can be used to obtain more accurate information about the value of free hole mobility p , which is extremely important for the modeling of solar cells and other a-Si:H based devices.
In conclusion, the results obtained in this study indicate that the charged defect states are much better representations of the native and light induced bulk defect states in undoped hydrogenated amorphous silicon thin films. Care must be taken for the characterizations of these defects in different a-Si:H films using the subband-gap absorption and other methods and their effects on the operations of solar cell devices must be taken into account. 
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